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A Coiled-Coil from the RNA Polymerase  Subunit
Allosterically Induces Selective
Nontemplate Strand Binding by 70
eral transcription factors (e.g., TFIIB, TFIID, TFIIF, etc.
for RNA polymerase II) facilitate initiation in eukaryotes,
whereas a single protein, called , serves as an initiation
factor in prokaryotes (Orphanides et al., 1996; Record
et al., 1996). Several alternative sigma factors are pres-
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relative to the start site of transcription, and then meltsUniversity of Wisconsin, Madison
promoters roughly between11 to1, a process calledMadison, Wisconsin 53706
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(Guo and Gralla 1998; Matlock and Heyduk, 2000), andand Molecular Biology
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et al., 1996; Huang et al., 1997; Marr and Roberts, 1997;St. Louis, Missouri 63128
Callaci and Heyduk, 1998; Fedoriw et al., 1998; Heyduk
and Heyduk, 1999). Although the initiation factor 70 pro-
vides most or all of the specific recognition determinantsSummary
for each of these processes, free 70 is unable to perform
any of these activities by itself (Kenney et al., 1989;For transcription to initiate, RNA polymerase must rec-
Siegele et al. 1989; Daniels et al., 1990; Waldburger etognize and melt promoters. Selective binding to the
al., 1990; Dombroski et al., 1992, 1993, 1997; Severinovanontemplate strand of the 10 region of the promoter
et al., 1996; Marr and Roberts, 1997; Naryshkin et al.,is central to this process. We show that a 48 amino
2000). Rather, core RNA polymerase (core) is requiredacid (aa) coiled-coil from the  subunit (aa 262–309)
and is likely to contribute at least two functions: un-induces 70 to perform this function almost as effi-
masking recognition determinants in sigma and strength-ciently as core RNA polymerase itself. We provide evi-
ening binding by providing additional nonspecific DNAdence that interaction between the  coiled-coil and
interactions. We would like to dissect the very large (450region 2.2 of 70 promotes an allosteric transition that
kDa) holoenzyme into the minimal portions capable ofallows 70 to selectively recognize the nontemplate
reconstituting each activity to facilitate future biochemi-strand. As the  262–309 peptide can function with
cal and structural study of open complex formation.the previously crystallized portion of 70, nontemplate
Selective binding of holoenzyme to the nontemplaterecognition can be reconstituted with only 47 kDa, or
strand of the 10 region of the promoter is likely to1/10 of holoenzyme.
capture, stabilize, and extend transient strand separa-
tion. We therefore focused our attention on determining
Introduction
the minimal assembly of 70 and core that could carry
out this activity. There is good understanding of the
Transcription of RNA is a crucial part of gene expression regions of 70 required for this process. The 70 family
in all organisms. Transcription initiation requires that of proteins has four regions of sequence conservation
RNA polymerase recognize and then locally unwind pro- which have been divided into subregions (see Figure 5A
moter DNA to gain access to the template strand. This for a description of these conserved regions; Lonetto
process is carried out as a collaboration between RNA et al., 1992). When bound to core, the fragment of 70
polymerase and its initiation factors, a form of RNA poly- which has been crystallized (which extends from the
merase called holoenzyme. The multisubunit RNA poly- middle of conserved region 1 to the end of conserved
merase is conserved throughout evolution (Young, 1991; region 2.4) specifically recognizes the nontemplate
Sentenac et al., 1992; Ebright, 2000). The five subunits strand (Severinova et al., 1996; Malhotra et al. 1996).
of prokaryotic RNA polymerase (,, 2, and ) are all Within this fragment, region 2.4 has at least some of the
conserved in eukaryotic polymerases, though the latter recognition determinants for nontemplate strand bind-
contain several additional subunits (Young 1991; Sen- ing as mutational alterations in 2.4 that broaden pro-
tenac et al., 1992; Ebright, 2000; Minakhin et al., 2001). moter specificity also broaden recognition of the non-
In contrast, initiation factors are distinct in prokaryotic template strand (Marr and Roberts, 1997). From the core
and eukaryotic organisms. A set of proteins called gen- side, it appears that the isolated subunit, together with
70, is sufficient for selective recognition of nontemplate
strand (Kulbachinskiy et al., 1999).5 Correspondence: cgross@cgl.ucsf.edu
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Figure 1.  262–309 Induces  to Bind to the
Nontemplate Strand of Promoter
Fragments of  were tested for the ability to
induce  to bind to single-stranded oligonu-
cleotides corresponding either to the non-
template (A) or the template strand (B) of the
10 region of the promoter using the cross-
linking assay described in the text. Presence
() or absence () of core polymerase or 
is indicated above each lane. The particular
 fragment used is indicated by the amino
acids comprising the fragment in the “ frag-
ment” box above each lane. Reactions in
Lanes 9 and 10 were incubated on ice; all
others were incubated at room temperature.
Concentrations of proteins present in reac-
tions (in this and all subsequent figures unless
otherwise indicated) were:  fragments: 900
nM, : 450 nM, and core:100 nM. (Note that
holoenzyme controls in this figure [A and B,
lane 1] are slightly underloaded in [A] and
overloaded in [B].)
In this report, we show that a peptide containing only merase on ice, radiolabeled oligonucleotides corre-
sponding to the nontemplate or the template strand48 of the 1407 amino acids of  confers to 70 (or to a
fragment of 70 corresponding to that previously crystal- were added. Reactions were further incubated at room
temperature and then irradiated with UV light to formlized) the ability to selectively recognize the nontemplate
strand. This peptide corresponds to a coiled-coil region zerolength crosslinks between sigma and bound DNA.
Binding is visualized by the presence of a radiolabeledof RNA polymerase, which was previously shown to
include a sigma binding motif (Arthur and Burgess, 1998; protein band following SDS polyacrylamide gel elec-
trophoresis. Previous work had established that whenArthur et al. 2000; L.C.A., submitted). Our evidence sug-
gests that interaction of the coiled-coil of  with region holoenzyme is incubated with the oligonucleotides,
crosslinking is primarily to 70 and is selective for the2.2 of 70 produces an allosteric change in region 2.4
that is required for selective binding to the nontemplate nontemplate strand oligonucleotide. Quantitation of
triplicate experiments indicates that holoenzyme showsstrand of the 10 region of the promoter.
approximately 7.7  1 fold greater crosslinking to the
nontemplate strand than to the template strand controlResults
under our assay conditions (data not shown).
We tested a series of seven fragments (Severinov etAmino Acids 262–309 of  Reconstitute
al., 1992, 1996; Gruber et al., 2001) covering the  andNontemplate Strand Binding with 70
 subunits of RNA polymerase for their ability to induceWe determined the minimal portion of RNA polymerase
70 to bind the nontemplate oligonucleotide. A fragmentcapable of promoting selective binding of sigma to the
of  from amino acid 1–550 was the only one of thesenontemplate strand of the 10 region of the promoter
seven capable of inducing this binding activity in 70using the previously described crosslinking assay to
(Figure 1A, lane 3; data not shown). Little crosslinkingassess binding (Kulbachinskiy et al., 1999; Marr and
is present in the 70 alone reaction (Figure 1A, lane 2),Roberts, 1997). In brief, following the incubation of 70
with either intact RNA polymerase or a fragment of poly- and no significant crosslinking occurs in the  1–550
Figure 2. Mutations in the Coiled-Coil Region
of  Known to Disrupt  Binding Abolish In-
duction of  Nontemplate Strand Binding
Wild-type or mutant fragments of  (as indi-
cated underneath each bar) were tested for
their ability to induce  to bind the nontem-
plate strand by crosslinking assay. Bars rep-
resent the average signal intensity of the
crosslinked  band from three experiments
after subtraction of the  alone signal; error
bars indicate standard deviation from the av-
erage. In this experiment and throughout the
paper, the signal intensity for  1–550  
and  262–309   were 9-fold and 8-fold,
respectively, above the  alone background
( fragment alone background was essen-
tially negligible).
 Coiled-Coil Induces 70 Nontemplate Binding
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Amino acids 1–314, corresponding to one of these sol-
vent exposed portions, stimulated nontemplate strand
binding by sigma selectively (compare Figures 1A and
1B, lanes 5 and 6), whereas a fragment containing 
315–550 did not (data not shown). Much of the N termi-
nus of  1–550 is irrelevant for induction of nontemplate
binding as  1–260 cannot induce 70 to bind to the
nontemplate strand (data not shown), while a  frag-
ment from 237–550 can (compare Figures 1A and 1B,
lanes 7 and 8). Interestingly, our  260–550 construct
induced selective nontemplate strand binding at 0	C
(compare Figures 1A and 1B, lanes 9 and 10), but not
at room temperature (data not shown). This increase in
binding at lower temperatures does not appear to be to
due to generally increased binding to the nontemplate at
lower temperatures as neither 70 alone nor holoenzyme
binding to the nontemplate strand is significantly in-Figure 3. The Coiled-Coil Region of  Acts Efficiently
creased at 0	C (data not shown). Rather, the charge
Efficiency of  240–309 induction of nontemplate strand binding
introduced by the N-terminal hexahistadine tag posi-by  was measured by  240–309 titration using the luminescence
tioned adjacent to the coiled-coil -helical stretch mayresonance energy transfer assay as described in text. A single con-
destabilize the helices so that they form only at lowcentration of core polymerase (100 nM; square point) is provided
for comparision. Cy5-labeled nontemplate strand and 70 (59) Eu3 temperature. This destabilization could be due to the
concentrations were 75 nM and 50 nM, respectively. hexahistidine charge intensifying the helical macropole
(the dipole moment formed by the hydrogen bonding
of backbone elements), as this is one of the energetic
alone reaction (Figure 1A, lane 4). The radiolabeled band barriers to formation of  helices. It has been previously
must be 70, rather than the  fragment, as varying the shown that charge groups at the ends of peptides can
mobility of the  portion does not change the mobility affect helix formation (Tan et al., 1993). The fact that
of the radiolabeled band (Figure 1A, lanes 5–12), while lower temperature, which favors helix formation, al-
varying the mobility of 70 (by using fragments of sigma) lowed this construct to induce nontemplate binding sug-
does change its mobility (Figure 5B). Binding is specific gested that the coiled-coil was important for function.
to the nontemplate strand, as little or no signal is ob- We therefore tested whether region 262–309 of , which
served when the oligonucleotide has the sequence of contains only the 48 amino acids of  constituting the
the template strand (Figure 1B, lanes 3 and 4). In this coiled-coil, was by itself sufficient to reconstitute selec-
and all subsequent cases of positive binding, we have tive nontemplate strand binding with 70. This fragment
eliminated the possibility that RNA polymerase contami- was tagged at its C terminus to avoid disrupting the
nation of the fragments is responsible for binding (see coiled-coil. In this orientation, the His-tag should, if any-
Experimental Procedures). thing, lessen the macropole, thereby promoting helicity.
We narrowed the region of  required to induce non- Strikingly, this peptide, which is about 1/70 of RNA
template binding by performing deletion analysis of the polymerase, is able to induce binding (compare Figures
1–550 fragment. The recently published crystal structure 1A and 1B, lanes 11 and 12). We conclude that amino
of Thermus aquaticus RNA polymerase shows that aa acids 262–309 of  are necessary and sufficient to re-
1–550 of  has two solvent exposed portions separated constitute selective binding by 70 to the nontemplate
strand of the 10 region of the promoter.by a hydrophobic buried stretch (Zhang et al., 1999).
Figure 4.  262–309 Does Not Appear to
Need to Contact DNA to Induce Nontemplate
Binding
 262–309 was tested for the ability to induce
 to bind to a truncated nontemplate strand
oligonucleotide lacking the region of the non-
template strand with which  262–309 could
potentially interact (Naryshkin et al., 2000).
For comparision, binding to full length (FL) non-
template strand oligonucleotides is shown.
Bars represent average signal intensity of
crosslinked  band from three experiments;




Previously, three substitutions in this region of  have
been shown to disrupt binding to sigma in vivo and in
vitro, without disrupting assembly of RNA polymerase
itself (R275Q, E295K, and A302D; Arthur et al., 2000).
These same three changes disrupt the ability of  1–550
to promote specific nontemplate strand binding by 70
(Figure 2). The single change that has been introduced
into  262–309 (E295K) also disrupts specific nontem-
plate strand binding by 70 (Figure 2). Taken together,
these experiments provide evidence both that our mini-
mal system recapitulates an interaction seen in the holo-
enzyme context, and that the coiled-coil is the important
functional element in this interaction.
Induction of Nontemplate Binding of 70 By
a Fragment of  Is Efficient
We used a quantitative assay based on luminescence
resonance energy transfer (analogous to fluorescence
resonance energy transfer) to measure the efficiency
with which fragments of  convert 70 to a form that
selectively recognizes the nontemplate strand of the
10 region. In this assay, 70 and the nontemplate oligo-
nucleotide are each labeled with a fluorophore. When
70 is bound to the oligonucleotide, excitation with a
wavelength specific to the 70 fluorophore results in
transfer of excitation energy to the other fluorophore, Figure 5. Nontemplate Strand Binding Can Be Reconstituted with
causing the energy to be emitted at a different wave- Only 47 kDa of Holoenzyme
length. Thus, emission at this latter wavelength is a (A) Schematic of 70 indicating its conserved regions and subregions
and their known functions. Sites of interaction with core identifiedquantitative measure of the fraction of 70 bound selec-
by mutation are marked with an asterisk (“*”). The previously crystal-tively to the nontemplate strand. Maximal fluorescence
lized portion is indicated.transfer is reached when the ratio of the  240–309
(B)  262–309 was tested for its ability to induce fragments of 70
fragment to 70 is about 1:1 (Figure 3, closed circles). to bind the nontemplate strand using the crosslinking assay. Extent
Moreover, comparison of this value to the fluorescence of 70 fragments is indicated by the subregions each fragment con-
transfer conferred by core RNA polymerase (Figure 3, tains in the  box above each lane; FL indicates full length control.
Nontemplate strand binding is shown in the top panel; templateopen squares) indicates that the fragment by itself is
strand control is shown in the bottom panel. Note that the mobility65% as efficient as intact RNA polymerase in inducing
of the crosslinked protein band correlates with the mobility of the 70 to bind to the nontemplate strand. Other experiments
band, indicating that the crosslinked band is indeed . The relatively
validated this assay: substitution in 240–309 (R275Q) minor difference in mobility between full-length and 1.1–2.4 70 is
eliminated induction, and binding was specific because due to their different purification tags; full-length 70 is tagged with
it could be competed by increasing amounts of unla- hexahistidine, while the 1.1–2.4 construct carries a much larger (26
kDa) GST tag (as does the 1.2–2.4 construct).beled nontemplate oligonucleotide but not by a nonspe-
cific oligonucleotide (data not shown). Taken together,
these experiments strongly indicate that the coiled-coil
alone is approximately as efficient as core RNA polymer- fied potential RNA polymerase/nontemplate strand bind-
ase in converting 70 to a form that exhibits selective ing contacts. It indicated that  1–550, (and thus poten-
binding to the nontemplate strand of the promoter. tially aa 262–309) appears to be in spatial proximity
to the nontemplate strand only in the region between
nucleotides 15 to 20. We therefore determined
DNA Binding by aa 262–309 of  Does Not whether  262–309 could still promote selective non-
Appear to Be Required for Selective template binding of an oligonucleotide spanning nucleo-
Nontemplate Recognition tides 13 to 1, which lacks the potential  1–550
We considered the possibility that  262–309 might DNA binding site. Contrary to the prediction of a model
exert its effect by directly contributing contacts to the requiring such binding,  262–309 still induced sigma to
DNA rather than by functioning as an allosteric effector bind this shortened nontemplate strand oligonucleotide
of the conformation of 70. Recently, a comprehensive (Figure 4). Indeed, the fold inductions for the full-length
study of contacts between RNA polymerase holoen- and truncated oligonucleotide were about the same
zyme and promoter DNA in the open complexes was within the error of measurement (7.96 1.23, and 5.45
performed using photoactivatable chemical crosslink- .96). We note that the magnitude of binding is somewhat
ers positioned between every other nucleotide (Narysh- smaller for the shortened oligonucleotide. Decreased
kin et al., 2000). As the nontemplate strand binding activ- efficiency of crosslinking could result from loss of non-
ity constitutes one portion of open complex interactions specific contacts by either 70 or  to this region, both
of which are positioned to potentially make such con-(Roberts and Roberts, 1996), this approach also identi-
 Coiled-Coil Induces 70 Nontemplate Binding
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Figure 6. Region 2.2 of  Is a Determinant for
 Coiled-Coil Region Allosteric Binding
(A and B) s carrying region 2.2 substitutions
(indicated beneath bars) were tested for their
ability to be induced by  fragments to bind
nontemplate strand oligonucleotides using
the crosslinking assay. Each bar represents
the average signal intensity of the crosslinked
 band from three experiments with relevant
 alone background subtracted. Error bars
represent standard deviation from average. In
(B), protein concentrations were:  fragment:
112.5 nM; : 75 nM.
(C) Guanidine HCl denaturation melts were
performed to assess the structural integrity
of mutant s.
tacts in the open complex (Naryshkin et al., 2000). Re- 5A; Sharp et al., 1999; Gruber et al., 2001). GST pull-
down assays show that  1–550 interacts with regiongardless, this experiment is consistent with the idea
that  262–309 can promote specific recognition of the 2.2 of 70 (Gruber et al., 2001) as region 2.2 mutants
Q406A and E407K disrupt the  1–550 interaction withnontemplate strand by 70 without contacting the non-
template oligonucleotide itself. 70. The data presented here indicate that this interaction
is also necessary for the induction of nontemplate strand
binding as Q406A and E407K region 2.2 mutants disrupt70 Requirements for Reconstituting Nontemplate
the ability of either  1–550 or  262–309 to induceStrand Binding
binding (Figure 6A). Previous work showed that an addi-Previous work had indicated that both regions 1.1–2.4
tional region 2.2 mutant, E407A, decreased interactionand the fragment of 70 previously crystallized (region
between  1–550 and 70 somewhat, although its effect1.2–2.4), in combination with core RNA polymerase,
on binding was not as severe as the other two changeswere sufficient for selective nontemplate recognition
(T.M.G., unpublished data). Consistent with this, the(Severinova et al., 1996). These same two fragments of
E407A mutation was defective in inducing nontemplate70 allow selective nontemplate recognition when activ-
strand binding at low concentrations of 70 and  frag-ity is reconstituted with  262–309. Full-length 70 (Fig-
ment (Figure 6B), but not at the higher concentrationsure 5B, lanes 1 and 2), 70 region 1.1–2.4 (Figure 5B,
we typically use in this assay ( fragment: 900 nM; 70:lanes 3 and 4), and 70 region 1.2–2.4 (Figure 5B, lanes
450 nM; data not shown).5 and 6) all allow selective binding to the nontemplate
We believe that the defects of region 2.2 substitutionsstrand oligonucleotide. Thus, nontemplate strand bind-
result from weakening the binding site for the coiled-ing can be reconstituted with only 47 kDa, or approxi-
coil rather than from a structural perturbation in 70. Themately 1/10 of the total mass of holoenzyme (41.4 kDa
following observations argue against a general struc-sigma  5.6 kDa  ).
tural perturbation: (1) the crystal structure indicates thatMutations in several regions of 70 disrupt binding to
RNA polymerase (marked with an asterisk [“*”] in Figure these residues are -helical and surface exposed—
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Figure 7. Structure of the  Coiled-Coil and
the 70 Region Involved in Allosteric Inter-
action
The crystal structure of E. coli  1.2–2.4 is
shown at top; a portion of the crystal structure
of T. aquaticus core polymerase containing
the  coiled-coil region is shown at bottom.
The coiled-coil region of  and region 2.2 of
 are colored yellow. Region 2.3–2.4 of , be-
lieved to responsible for nontemplate strand
binding is colored green. Amino acids in both
 (E407, Q406) and  (R275, E295, A302)
shown here to affect allosteric interaction
when mutagenized are shown in red; other
amino acids in 70(D403, N409) likely to be
involved in interaction with coiled-coil be-
cause of their involvement in core binding
and promoter proximal pausing are shown in
pink (Ko et al., 1998; Sharp et al., 1999).
alanine substitutions are known to promote  helix for- ies by the Roberts group to understand the mechanism
mation (Marqusee et al., 1989; Tan et al., 1993), and thus of Q-mediated antitermination. A promoter-proximal
are unlikely to disturb even regional secondary struc- pause required for this antitermination was shown to
ture; (2) noncompetitive coimmunoprecipitation binding result from 70 binding to a sequence in the transcript
experiments indicate that approximately the same per- that strongly resembled the 10 region of the promoter
centage of mutant and wt 70 preparations bind to core (Ring and Roberts, 1994; Ring et al., 1996). Subsequent
RNA polymerase (see Experimental Procedures); and (3) studies established that 70 bound this same sequence
in denaturant melt experiments, measured by circular (the nontemplate strand of the 10 region) in the open
dichroism, the denaturation curve of mutants and wild- complex, indicating that this activity is part of the normal
type are essentially superimposable, indicating that the process of open complex formation (Roberts and Rob-
mutants are as stably folded as wild-type (Figure 6C). erts, 1996; Marr and Roberts, 1997). Several lines of
Taken together, we feel confident that the primary effect evidence indicated that 70 itself was responsible for
of the substitutions is to eliminate the direct binding site recognizing the nontemplate strand. Selective crosslink-
of the  coiled-coil region. ing occurs uniquely to 70, indicating that this protein is
the one in closest proximity to the nontemplate strand.
Region 2.4 of 70, which is implicated in recognition ofDiscussion
the duplex 10 region (Kenney et al., 1989; Siegele et
al., 1989; Daniels et al., 1990; Waldburger et al. 1990;We show here that the coiled-coil motif in the  subunit
Dombroski et al., 1992, 1997) is also involved in recogni-of RNA polymerase comprised of amino acids 262–309
tion of the nontemplate strand as region 2.4 mutationsallows 70 to selectively recognize the nontemplate
that decrease the specificity of 70 interaction with DNAstrand of the promoter. The coiled-coil alone is 65%
also alter nontemplate strand recognition (Marr andas efficient on a molar basis as RNA polymerase itself
Roberts, 1997). Finally, mutations in region 2.3 knownin inducing nontemplate strand binding by 70. DNA
to alter melting also specifically alter cross-linking of 70binding by the  coiled-coil does not appear to be
to the nontemplate strand (Huang et al., 1997).required for this effect. Instead, this effect appears to
Although 70 selectively recognizes the nontemplatebe mediated by binding of the  coiled-coil to region
strand, binding to RNA polymerase is required for this2.2 of 70, which induces an allosteric change that is
activity to be manifest. By itself, 70 recognizes the non-necessary for selective recognition of the nontemplate
template strand quite weakly, and only slightly betterstrand by 70. Thus, a single contact between RNA poly-
than a template strand control (Callaci and Heyduk,merase and an initiation factor is sufficient to reconsti-
1998). Upon RNA polymerase binding, recognition of thetute a function essential for initiation.
template strand decreases and that of the nontemplateThe knowledge that holoenzyme specifically recog-
strand increases, which together result in selective rec-nizes the nontemplate strand of the 10 region of the
promoter was a fortuitous outgrowth of long-term stud- ognition by holoenzyme (Callaci and Heyduk, 1998). RNA
 Coiled-Coil Induces 70 Nontemplate Binding
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polymerase presumably induces alternate s, which dif- plate strand or, conversely, disrupt the binding of the
fer in their conserved 10 promoter sequences, to per- helices to each other, thereby exposing additional hy-
form this activity as part of their initiation process. Thus, drophobic residues needed for nontemplate strand
one might expect RNA polymerase to induce this activity binding. This interaction could shift the orientation of
by altering  conformation, rather than by collaborating 2.2 relative to 2.3–2.4; subsequent repacking of the 2.2/
with  in this activity by directly providing specific DNA 2.3–2.4 interface would alter surface exposed residues.
contacts. The finding that some residues in region 2.3 Finally, interaction could rotate 2.2, causing 2.3–2.4 to
become less solvent exposed upon binding to core was rotate in turn, in a movement akin to that of a meshed
consistent with the idea that RNA polymerase induced gear and thereby alter the surface exposed residues.
a conformational change in 70 (Callaci and Heyduk, The interaction of the coiled-coil of  with region 2.2
1998). The results presented here considerably advance of 70 clearly has profound influences on the activity of
this idea. We show that a very small region of  is 70. Whether this interaction also affects the activity of
both necessary and sufficient to efficiently promote this RNA polymerase is currently unknown. We have recently
transition. As the coiled coil region of  still induces found that the helices of the  262–309 can be cova-
nontemplate binding by 70 even when the oligonucleo- lently crosslinked and still retain the ability to bind to
tide lacks the nucleotides with which it could potentially 70 and induce its nontemplate strand binding activity,
interact (Naryshkin et al., 2000), it is reasonable to con- indicating that the coiled-coil can function as an alloste-
clude that  262–309 functions as an allosteric effector ric effector without conformational change (L.C.A., sub-
of 70 function. mitted). However, the coiled-coil supports the rudder,
The studies presented here solidify the idea that re- a finger-like projection that has been implicated in sepa-
gion 2.2 of70 is the binding site for this allosteric interac- rating the RNA/DNA hybrid (Zhang et al., 1999; Korzheva
tion. Although 2.2 is the region most highly conserved et al., 2000). It is not inconceivable that coiled-coil inter-
among the 70 family of proteins, it had been without a action with 70 could alter the placement of the rudder,
functional assignment until Joo et al. genetically identi- moving it away from its normal position, thus removing
fied a residue in region 2.2 of32 that was involved in core steric conflicts between the rudder and promoter DNA
binding (Joo et al., 1997) . Then, two different genetic during the initial binding process. We note that  262–
selections, one for mutants defective in binding to RNA 309 shares greater than average sequence homology
polymerase and a second for mutants defective in medi- with its eukaryotic counterparts (25% identity for this
ating the pause required for Q antitermination, indicated region of E. coli  and Rpb1 in both S. cerevisiae and
that a cluster of surface-exposed residues in region 2.2 humans versus 11%–12% overall identity; data not
was involved in binding RNA polymerase (Ko et al., 1998; shown and R. Ebright, personal communication). Fur-
Sharp et al., 1999). Importantly, these studies also indi- thermore, comparison of the crystallized structures of
cated that the defect in mediating the pause required T. aquaticus and yeast pol II RNA in the 262–309 region
for Q antitermination was specifically associated with a indicates that they share extensive structural conserva-
defect in this particular binding interaction between 70 tion (see Ebright, 2000; the T. aquaticus  aa 537–584
and RNA polymerase, rather than being a general conse- homologous to E. coli 262–309 comprises much of lobe
quence of weakened interaction with RNA polymerase 1 shown in Figure 4 of that paper). This suggests the
(Ko et al., 1998; Sharp et al., 1999). That the genetically possibility that the allosteric function of this region may
identified residues directly identify the 70 binding site be conserved in eukaryotes.
rather than generally destabilizing protein structure is
indicated by our demonstration that these substitutions Experimental Procedures
do not perturb 70 stability.
Plasmid Construction and MutagenesisThe mechanism by which binding of  262–309 to
Fragments of  were PCR amplified from pET15b- 1–550 (Gruberregion 2.2 allosterically regulates the conformation of
et al., 2001), digested with restriction endonucleases, and ligatedregion 2.3–2.4 so that it selectively recognizes the non-
in pET15b. Mutations in the  1–550 and  262–309 constructstemplate strand DNA remains to be determined. The
were created using the Quikchange Site-Directed Mutagenesis kit
early idea that a disordered acidic loop (aa 192–212 (Stratagene). All constructs were verified by sequencing.
of 70) located near region 2.3–2.4 inhibits nontemplate
strand binding by free 70 (Malhotra et al., 1996) is likely Overproduction, Purification, and Quantitation of Proteins
to be incorrect as region 2.3–2.4 appears solvent ex- Proteins used in all experiments except Figure 3 were purified as
follows (Figure 3 purifications are described in the luminescenceposed in free sigma (Callaci and Heyduk, 1998). Further,
resonance energy transfer binding assay section)— fragments:even when this loop is absent, as in Bacillus subtilis 43,
expression of His-tagged fragments was induced with 1 mM IPTGbinding by core polymerase is still required to unmask
in BL21(DE3)pLys E. coli at OD600
 .3 for 1 hr at 37	C. Cells werethis binding determinant (Huang et al. 1997). As first pelleted, frozen at80	C, resuspended by homogenization into lysis
noted by Ko et al.(1998), the crystal structure indicates buffer (20 mM Tris [pH 8.0], 500 mM NaCl, 1 mM ME, 10% glycerol,
that the  helix comprising region 2.2 is immediately 10 mM MgCl2, and 6 M guanidine HCl), and heated for 1 hr at
behind the continuous helix formed by regions 2.3–2.4, 37	C to remove residual core contamination from some fragments.
Lysates were sonicated, centrifuged, batch bound to Ni-NTA resin,indicating that changes in one helix could alter the other
and washed three times in batch with 15 times the volume of resin(Figure 7). Several possibilities, not all mutually exclu-
(wash buffer: 20 mM Tris [pH 8.0], 500 mM NaCl, 1 mM ME, 10%sive, can be suggested for how interaction of 2.2 with
glycerol, 10 mM MgCl2, 20 mM imidizole, and 6 M urea). All frag-the coiled-coil could alter the 2.3–2.4 recognition helix. ments except  262–309 were then batch eluted (elution buffer: 50
Such an interaction could either stabilize the conforma- mM Tris [pH 8.0], 10 mM MgCl2 , 1 mM EDTA, 10 mM DTT, 10%
tion of 2.2 and thereby “freeze” residues in the 2.3–2.4 glycerol, 200 mM imidizole, and 6 M urea), renaturation buffer (50
mM Tris [pH 8.0], 10 mM MgCl2, 1 mM EDTA, 10 mM ME, 600 mMhelix into a conformation complementary to the nontem-
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KCl, 10% glycerol, and 0.1% Triton X-100) was slowly added to buffer to an equivalent level, and (2) Figure 6 crosslinking experi-
ments were performed with .05% Triton X-100 present in reactiondilute out the urea, and protein was dialyzed into storage buffer
(0.1% Triton X-100, 10 mM Tris [pH 8.0], 1 mM EDTA, 5 mM ME, buffer. In brief, core polymerase or fragments of core polymerase
(generally  fragments) and  were mixed on ice for 30 min in300 mM NaCl, and 50% glycerol). For  262–309 fragment, the
amount of His-tagged protein overproduced was insufficient to reaction buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 10 mM MgCl2,
1 mM EDTA, 5% glycerol, 100 g/ml BSA, and 1 mM DTT). Oligonu-block binding of a variety of nonspecific proteins to the Ni-NTA
column. Here, washed Ni-NTA beads containing the  262–309 cleotide was then added, bringing the final reaction volume to 20
l. Concentration of oligonucleotide in reactions was 6.25 nM; corewere loaded onto a column and eluted with a gradient of imidazole
from 10 mM to 200 mM (gradient buffer: 50 mM Tris [pH 8.0], 10 fragment and sigma concentrations were as described in the figures
(typically 900 nM core fragment and 450 nM ). Reactions weremM MgCl2, 1 mM EDTA, 10 mM ME, 10% glycerol, and 6 M urea).
Early fractions free of nonspecifically bound contaminants were incubated for 30 min at room temperature and then irradiated with
UV (256 nm) for 10 min in a Stratagene UV Stratalinker 1800. Fivepooled, renatured by step dialysis in renaturation buffer with de-
creasing amounts of urea, and then dialyzed into storage buffer. l aliquots of reactions were removed, 2 SDS loading dye was
added and the samples run on 8% SDS polyacrylamide gel. ThePortions of all  fragment preparations (200 l) were TCA precipi-
tated, run on SDS-polyacrylamide gels and stained with Coomassie  regions of the gels were quantified using Molecular Dynamics
phosphor screens and ImageQuant 1.2 densitometry software.blue next to a standard curve of RNA polymerase. The  fragment
preparations showed no detectable RNA polymerase contamination
(data not shown). In these experiments, quantities of RNA polymer- Luminescence Resonance Energy Transfer Binding
ase contamination that would introduce only 0.5 nM RNA polymer- Assay (LRET)
ase into our crosslinking assay can be easily detected—thus, RNA For LRET experiments,  240–309 was purified according to the 
polymerase contamination of our  fragments (if present) intro- 260–309 purification described earlier (Arthur and Burgess, 1998)
duces less than this amount into crosslinking assays. 0.5 nM of and core and 70 according to Matlock and Heyduk (2000). Interac-
renatured RNA polymerase is insufficient to induce  binding to the tion of 70 with the nontemplate strand oligonucleotide was mea-
nontemplate strand in the crosslinking assay (data not shown). sured using sensitized acceptor signal as described (Matlock and
His-tagged wild-type and mutant’s were overproduced and puri- Heyduk, 2000). In brief, a single reactive cysteine mutant with the
fied as previously described (Sharp et al., 1999).  preparations were reactive cysteine at position 59 was labeled with the donor europium
confirmed to be active using noncompetitive immunoprecipitation chelate probe ([Eu3]-DTPA-AMCA). The 12 nt nontemplate strand
assays. In these assays, the activity of E407A and Q406A were oligonucleotide (TCGTATAATGTG, corresponding to positions 15
essentially indistinguishable from wild-type; E407K was within 2- to 5 of lacUV5 promoter) was labeled at the 5 end with the ac-
fold of wild-type activity. GST  fragments were purified using the ceptor probe (Cy5), and the labeled oligonucleotide was purified as
protocol described for the His-tagged protein, except that glutathi- described (Heyduk and Heyduk, 1999). A mixture of 50 nM donor-
one-conjugated agarose beads were used instead of Ni-NTA, and labeled 70 and 75 nM acceptor-labeled oligonucleotide was titrated
glutathione was used instead of imidizole to elute protein. with increasing concentrations of  fragment. At each concentra-
Core polymerase was overexpressed and purified according to tion, a total sensitized acceptor intensity was measured by quantify-
the method of K. Murakani and S. Darst, to be published elsewhere ing sensitized Cy5 emission at 670 nm following excitation at 337
(S. Darst, personal communication.) nm with nitrogen laser. The experiments were performed at 25	C in
For crosslinking experiments, proteins were quantitited by visual 20 mM Tris (pH 8.0), 100 mM NaCl, 10 mM MgCl2, 0.1 mM DTT, and
inspection of protein samples on Coomassie-stained SDS polyacryl- 5% glycerol.
amide gels next to a standard curve of BSA. In cases where more
careful quantitation was necessary, i.e.,  mutants and  fragment Denaturation Melt Curves
mutants relative to their wild-type counterparts, triplicate dilutions
s were diluted to 1.5 M (WT, E407A, Q406A) or 1.8 M (E407K)
of each mutant were run on Coomassie-stained SDS polyacrylamide in CD buffer (10 mM KAc [pH 8.0] and 100 mM KCl) supplemented
next to a standard curve of wild-type protein and quantitated using with various concentration of guanidine HCl and equilibrated over-
Alpha Innotech AlphaImager 4.0 spot densitometry. Quantition of night on ice. Circular dichroism (CD) measurements were made
all samples relative to the standard curve indicated that all mea- using a J-715 spectropolarimeter (Jasco) in a temperature controlled
surements were made within the linear range of Coomassie stain- cuvette holder (at 15	C) and a 0.2 cm path length cuvette. The CD
ing. Standard deviation of the triplicate dilutions of each mutant signal/mol protein for all mutants was within 10% of WT  (within
indicated that the error in protein quantitation was less than 20%. the error of protein quantitation). To control for minor error in protein
 preparations for CD melts were quantified by UV absorbance at quantitation, signals were normalized by multipying by the ratio of
280 nm. WT signal/mutant signal at 0 M guanidine HCl in CD buffer. Guani-
dine concentrations were calculated using refractometer measure-
ments.Crosslinking Assay for Nontemplate Strand Binding
The Gunfolding(H20) of mutant and WT s was calculated assumingOligonucleotides for the crosslinking assay were synthesized and
a two state model and using the method described in Pace et al.HPLC- or PAGE-purified by Integrated DNA Technologies. Nontem-
(1989) (WT, 2.84 .55 kcal/mol; E407K, 2.45 .26 kcal/mol; Q406A,plate and template oligonucleotide sequences were those used pre-
2.73  .60 kcal/mol; and E407A, 2.00  .305 kcal/mol). Using theseviously (Kulbachinskiy et al., 1999); their sequences are similar to
values, we calculate the percent  unfolded in native buffer to be:that of lacUV5 promoter (nontemplate: ATTGCGCGTATAATGTGT
WT, .68%; E407K, 1.3%; Q406A, .83%; and E407A, 2.9%.GGA; template: TCCACACATTATACGCAAT). Labeling was per-
formed using NEB T4 polynucleotide kinase in 100 l reaction (1
NEB buffer, .5 M oligonucleotide, .25 M 32[P]--ATP [6000 Ci/ Acknowledgments
mmol]) for 45 min at 37	C. Labeling was stopped by addition of
EDTA to 10 mM. Free 32[P]--ATP was removed by passing aliquots We are grateful to Seth Darst and Katsuhiko Murakani for providing
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